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ABSTRACT 
A steady-state model and a transient model of self-excited synchronous reluctance 
generator are developed for stand-alone operation. Saturation is considered to predict the 
actual behavior of the machine. The proposed linearized model is applied to obtain 
eigenvalues for steady-state stability analysis under different loading conditions. The 
effects of active, reactive, apparent power output and excitation capacitance on the 
steady-state performance of self-excited synchronous reluctance generator are analyzed. 
Eigen value sensitivity is calculated by varying circuit parameters from 50% to 150% of 
their standard values at 100 (iF, 125 |_iF and 150 fiF excitation capacitances. The 
proposed transient model is applied to observe the transient behavior of machine such as 
load angle, speed and electromagnetic torque when the machine is subjected to a three-
phase symmetrical short-circuit fault across the machine terminals. The load angle 
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Synchronous generators are the primary source of electric power generation 
across the globe. The power network mostly depends on synchronous generators. 
Induction generators are a good alternative to substitute the synchronous generators to 
produce electrical power over a wide range of speeds. However, their generated voltage 
and frequency varies with the load and with excitation changes [l]-[3]. Another type of 
generator which has the same advantages of the induction generators with lower 
maintenance costs is the synchronous reluctance generator [4], 
The primary reason for the popularization of the synchronous reluctance generator 
is its suitability for wind power generation [5]-[6], The reluctance generator is a 
synchronous machine with a specially designed rotor which does not require field 
excitation. The stator is a conventional polyphase AC stator used for induction and 
synchronous machines. In rotors, conductors are not required because the torque is 
produced by the tendency of the rotor to align with the stator produced flux. 
A synchronous reluctance generator has the following advantages: 
• Rugged and inexpensive 
• Robust and simple rotor construction due to the absence of field windings 
• Low maintenance requirements 
• Core and copper losses are lower 
• The frequency of the voltage is independent of load or excitation changes 
• Improved voltage regulation by machine design 
• Suitable for wind power application 
Synchronous reluctance generators can be operated in isolated or grid connected 
mode. For the grid connected mode, the required excitation is received from the grid. The 
voltage build-up in the case of a stand-alone synchronous reluctance generator is 
achieved through self-excitation. Self-excitation in an isolated reluctance generator is 
achieved when the rotor is driven by the prime mover and its stator terminals are 
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connected to a suitable capacitor bank. The self-excitation process attains equilibrium due 
to the action of magnetic saturation [7]. 
Electrical generators are the backbone of power system, therefore stability 
analysis of electrical machines are very important. Stability is the ability of an electrical 
machine for a given initial operating condition, to regain a state of operating equilibrium 
after being subjected to a physical disturbance. Stability of electrical machines can be 
affected by steady-state disturbance and transient disturbance. Steady-state stability 
means the capability of the machine to maintain synchronism under small disturbances. 
Such disturbances occur because of small variations in loads. Transient stability means 
the capability of the machine to withstand or survive a sudden change in system 
characteristics loss of load or faults on the transmission line e.g. symmetrical three-phase 
short-circuit fault without loss of synchronism [8]. 
In order to investigate the steady-state and transient stability of reluctance 
generators, it is important to develop a mathematical model of machine based on the 
machine equations. A proper machine model can predict the actual machine behavior. 
The performance of an electrical machine is greatly influenced by the saturation in the 
magnetic core [9]-[ll]. Unsaturated values of the magnetizing reactances in both direct 
and quadrature axes are reduced as a result of nonlinear behavior of saturation, both for 
the steady-state and transient modes. To get accurate results from the machine model, the 
effect of magnetic saturation should be considered [12]-[18]. The effect of saturation is 
usually ignored in the quadrature axis because of modeling complexity and unavailability 
of the q-axis saturation characteristics [19]-[21]. For transient analysis, the effect of 
saturation is generally ignored in both direct and quadrature axes [22], 
Sensitivity analysis by varying machine circuit parameters for both the steady-
state and transient models of self-excited synchronous reluctance generator can provide 
valuable information which can assist in the machine design process [23]. 
1.2 Literature Review 
The research on synchronous reluctance machines started in the early 19th century 
but, in the recent decades, this machine has gained considerable attention due to its 
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application in wind power generation. The synchronous reluctance generators are strong 
competitors of induction generators in terms of performance and cost [24]-[25]. 
Synchronous reluctance machines have attracted considerable attention during the 
last two decades resulting in much improved performance. In earlier applications, 
reluctance machines mostly used salient-pole rotor construction while the stator is a 
conventional stator like the one in an induction machine. To improve the performance of 
reluctance machines, different rotor construction have been suggested which are as 
follows: 
• Conventional salient-pole 
• Segmented rotor 
• Axially laminated anisotropic 
• Flux-guided or flux-barrier 
Most of the literatures on synchronous reluctance machines are related to: 
• Self-excitation process to build-up voltage 
• Minimum capacitance required for self-excitation process 
• Steady-state analysis of grid connected system 
• Steady-state analysis for stand-alone system 
• Transient analysis 
• Eigenvalues sensitivity analysis 
Due to the improvements in the electromagnetic design of rotor structures, 
reluctance machine can be rated equal to induction machine. All the attempts to improve 
the performance had been centered on modifying rotor magnetic circuits so as to achieve 
a high XdlXq. It is observed that better performance can be achieved by the application of 
axially laminated rotor structure. The different rotor structures proposed in the literature 
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Fig. 1.1. Different rotor structures of reluctance machine. 
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In [30], I. Boldea, Z.X. Fu, and S.A. Nasar, introduced an axially laminated 
anisotropic (ALA) rotor for synchronous reluctance machine as a brushless high 
performance generator. Steady-state performance analysis and the determination of the 
maximum power-conversion capability of reluctance generators were presented. The high 
efficiency, high power factor, and high power density of the ALA-rotor reluctance 
generator are demonstrated through load tests in a laboratory model. 
A capacitor bank is a prerequisite for stand-alone operation. In [31], A.I. Aloha, 
described the capacitance requirements for proper operation of self-excited synchronous 
reluctance generator and suggested that the excitation capacitance should be slightly 
greater than the minimum excitation capacitance for better performance. From the 
analysis, it has been demonstrated that the system efficiency improves with higher 
capacitance value. 
All the steady-state and transient analysis models are based on Park's d- and q-
axes equations considering the effect of saturation. Mathematical equations for 
synchronous reluctance machines can be obtained from the d- and q-axis equivalent 
circuits. In abc axis frame, machine parameters vary with rotor position (0), making the 
analysis harder in the abc axis frame. Whereas, in the dq reference frame, parameters are 
constant with time or 0. The disadvantage is that only balanced systems can be analyzed 
using dq-axis system. 
T.F. Chan [32], presented a general method for analyzing the steady-state 
performance of a three-phase self-excited reluctance generator with RL load. Magnetic 
saturation is assumed to be confined to the direct axis and is accounted for by a variable 
direct-axis magnetizing reactance. The system conditions are also measured by using 
saturation curve. 
In [33], a comparison between the steady-state performance of self-excited 
reluctance and induction generators has been made, the results have shown that 
reluctance generators have similar operating characteristics as induction generators, in 
addition to the advantage of operating at a frequency which is independent of load 
conditions. Earlier attempts have been made to derive a model of reluctance generator by 
treating it as an induction machine. 
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In [34], stator core loss has been included in the steady-state modeling of 
synchronous reluctance motor by C.A.M.D. Ferraz and C.R. de Souza. In [35], A. 
Boglietti, A. Cavagnino, M. Pastorelli, and A. Vagati, compared the torque behavior 
between induction and synchronous reluctance motor. The investigation has shown that 
the reluctance machine can develop 10% to 25% more torque as compared to the 
induction motor depending upon the motor size and induction motor rotor losses. 
V.B. Honsinger performed the steady-state analysis of a poly-phase synchronous 
reluctance motor. The author developed a method by which the entire motor performance 
can be calculated [36]. 
Y.H.A Rahim and M.A.A.S. Alyan [37] performed a transient analysis of a 
reluctance generator connected to a power system excited by a bank of capacitors. 
Transient response of excitation capacitor method and load excitation method for load 
angle sensitivity was discussed. 
L. Wang and Y. Wang [38] introduced an eigenvalue and eigenvalue sensitivity 
method to obtain the minimum loading resistance of an isolated self-excited reluctance 
generator. The steady-state and dynamic performance of synchronous reluctance 
generators have been investigated for different loading resistances in order to obtain the 
minimum loading resistance. Experimental and simulated results of reluctance machine, 
the effect of sudden switching of various loading resistances on generated voltage have 
been analyzed. In [39], L. Wang and Y. Wang presented the dynamic performance of 
sudden connection and disconnection of induction load from self-excited synchronous 
reluctance generator. 
In [4], [31], [32], [37], [38], research works on synchronous reluctance machines 
are available considering saturation in the direct axis. 
In [40], H. Hofman and S.R. Sanders presented a design of a high speed 
synchronous reluctance machine with minimum eddy current losses in the rotor. 
Experimental results show an efficiency of 91% at a 10 kW, 10,000 rpm operating point, 
and negligible rotor heating. 
Literature review of previous works provides valuable information on the 
operating principles and basic machine equations of synchronous reluctance generator. 
For the better operation and characteristics of synchronous reluctance machines, the 
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saliency ratio of the rotor has been increased with different rotor structures e.g. salient-
pole, segmental and flux guided design. 
Capacitance is a prerequisite for the proper operation of self-excited reluctance 
generator. It has been proven that the efficiency of the system improves with higher 
capacitance. Steady-state operating limits have been identified to ensure stable 
performance. Core loss resistance has been included in the modeling of synchronous 
reluctance machine and a performance analysis has been carried out for RL loads. 
Essential information was obtained on excitation capacitance requirements and steady-
state performance of synchronous reluctance generator from the review of these 
literatures. 
Dynamic performance of synchronous reluctance generators has also been studied 
for a sudden addition or withdrawal of load. 
1.3 Objective 
The main objective of this research work is to analyze the stability of a 
synchronous reluctance generator that includes the development of new linearized steady-
state and transient models of a self-excited synchronous reluctance generator for stand-
alone operation. The stability analysis also depends upon the machine parameters; a 
sensitivity analysis is required to be performed using the proposed steady-state and 
transient models of self-excited synchronous reluctance generator. 
1.4 Scope of Work 
A linearized model of a self-excited synchronous reluctance generator has been 
developed in order to perform steady-state stability analysis for stand-alone system 
considering the effect of saturation on the direct axis. The proposed steady-state model is 
based upon the following assumptions: 
• Core losses has been neglected 
• Voltage and current harmonics have been neglected 
This research is focused on the development of a new linearized and accurate 
model for the self-excited synchronous reluctance generator for stand-alone operation. 
The model is based upon the Park's d-q axes equations. Using the generator stator and 
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rotor voltage, flux linkage, torque and mechanical equations, a linearized model has been 
developed by applying the small perturbation technique. The saturation has been 
represented by modifying the unsaturated magnetizing reactance with a saturation factor 
Sj. The developed model has been applied to obtain eigenvalues under different operating 
conditions. By using this model, the effects of excitation capacitance, real, reactive and 
apparent power output on the steady-state stability of the self-excited synchronous 
reluctance generator have been investigated. A sensitivity analysis has been performed by 
varying the machine parameters from 50% to 150% with a step 10% increase of their 
original values. 
The transient model has been developed by using generator stator, rotor and 
mechanical equations. A three-phase symmetrical short-circuit fault was initiated to 
predict the transient behavior of self-excited synchronous reluctance generator. Transient 
variations of load angle, speed, electromagnetic torque and other parameters have been 
investigated to analyze the transient performance of the self-excited synchronous 
reluctance generator. Load angle sensitivity to transient model has been carried out by 
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2 PROBLEM DEFINITION 
2.1 Self-Excitation Process 
A synchronous reluctance generator can be operated in either isolated or grid 
connected mode. In the case of the grid connected mode, the required excitation is 
received from the grid. In the stand-alone operation, the excitation can be provided by the 
capacitance connected across the stator terminals of the generator. 
This research is focused on a synchronous reluctance generator for a stand-alone 
operation. The terminal voltage builds up by the action of self-excitation. When the rotor 
is rotated using an external prime mover, the small residual flux in the rotor creates 
voltage across the stator terminals. The same voltage is also applied to a bank of 
capacitor causing a flow of small capacitive current. The small capacitive current flows 
through the stator windings creating more flux which adds the residual flux in order to 
increase the voltage level. An increase in voltage level increases the current which in 
turns increases the voltage at the terminals. This process continues until a stable point is 
reached depending upon the degree of magnetic saturation and external capacitance. The 
reactive power required for the load is supplied by a bank of capacitor whereas the active 
power is supplied by the generator [l]-[3]. 
The machine reaches the steady-state condition with the particular load current 
and terminal voltage, if saturation is considered. This is determined by the real and 
reactive power flow between the machine, the excitation capacitance and the connected 
load. For the unsaturated case, the voltage build-up does not terminate and the terminal 
voltage continues to grow as the equilibrium condition is never satisfied. A typical self-
excitation phenomenon is shown in Fig. 2.1. 
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Fig. 2.1. Voltage build-up process. 
2.2 Equivalent Circuit Modeling 
The d- and q-axis equivalent circuits of a self-excited synchronous reluctance 
generator are shown in Fig. 2.2 and Fig. 2.3. One damper winding in the direct axis and 
one damper winding in the quadrature axis have been considered with the external 
capacitance connected across the stator terminals of the generator. 
The following assumptions are made for the development of machine model: 
• Core losses are neglected 
• The induced voltage and current harmonics are neglected 




Fig. 2.2. d-axis equivalent circuit. 
Fig. 2.3. q-axis equivalent circuit. 
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2.3 Steady-State Modeling 
Steady-state stability is the ability of the machine to remain in synchronism when 
subjected to small disturbances. A small disturbance is a disturbance for which the set of 
equations describing the generator may be linearized for the purpose of analysis. The 
instability can be classified as follows [4]: 
• Steady increase in generator rotor angle 
• Rotor oscillations 
• Gradual changes in loads 
• Irregularities in prime-mover input, etc. 
Study of steady-state stability provides information about the dynamic characteristics of 
different machine components. The purpose of steady-state stability is one of the 
following. 
• Post-disturbance analysis 
• Power system planning 
• Power system operation 
In this research work, a linearized steady-state model of self-excited synchronous 
reluctance generator is developed by using the Park's d-q axes equations, considering one 
damper in the direct axis and one in the quadrature axis. Using the stator and rotor 
voltage, flux linkage, torque and mechanical equations, a linearized steady-state model 
has been developed by applying the small perturbation technique. The saturation has been 
represented by modifying the unsaturated magnetizing reactance with a saturation factor. 
The developed model has been applied to obtain eigenvalues under different operating 
conditions. By using the steady-state model, the effects of excitation capacitance, real, 
reactive and apparent power output on the steady-state stability of the self-excited 
synchronous reluctance generator has been analyzed. 
2.4 Saturation Modeling 
The effect of saturation on electrical machine steady-state performance has been 
recognized for at least 60 years when the initial concern was the accuracy of the 
calculation of machine performance. For the steady-state and transient modeling of self-
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excited synchronous reluctance generators, the effect of saturation should be considered 
to predict the actual behavior of the machine. The accurate calculation of the performance 
of AC machines is mostly dependent on the saturation conditions. 
Most machines models employ piece-wise linearization technique [5], [6] and 
polynomial function [7], [8] to represent the saturation curves. Different authors have 
proposed different methods to model saturation for electrical machines. Some machine 
models have considered the effects of saturation in both direct and quadrature axes and 
the magnetic coupling between d- and q-axis windings (cross-magnetizing phenomenon) 
The values of d- and q-axis saturated magnetizing reactances, XmdS and Xmqs are 
obtained by modifying their unsaturated values as follows: 
Where Sj and Sq are the d- and q-axis saturation factors, respectively. 
The saturated values can be obtained by using the polynomial equation from the 
saturation characteristics of the machine model. 
A significant reduction in the values of magnetizing reactances in both direct and 
quadrature axes from their corresponding unsaturated values have been observed as a 
result of nonlinearities introduced by saturation under both steady-state and transient 
operations [10]. Thus, in the modeling of synchronous reluctance generator, a proper 
representation of saturation is importance for an accurate steady-state and transient 
stability analysis of the machine. 
2.5 Transient Modeling 
Transient stability means the ability of the machine to survive a sudden change in 
system characteristics such as: 
• Loss of a load 
• Loss of excitation 
• Faults on the transmission line 





• Calculation of generator load angle or torque during the fault period. 
• Calculation of post-fault generator load angle, for a period of up to several 
seconds after the fault cleared. 
The transient performance of synchronous reluctance generators under fault can 
be observed by solving machine differential equations, to obtain the values of the fluxes, 
currents, load angle, speed and torque in each time step. In each time step, a 4th order 
Runge-Kutta method has been employed to solve differential equations using the 
coefficients of Runge-Kutta method and the value of parameters from the previous time 
step. The newly obtained values are then used as the initial values for the next time step. 
At the clearance of the fault, the terminal voltage is again restored to its original value. 
For a stable system, after a few oscillations, the system reaches equilibrium and the 
parameters are restored to their original values. This involves an iterative process and 
after the currents converge it proceeds to the next time step [12], [13]. The calculated 
currents, flux linkages, speed and load angle at the end of the each time step can be used 
to find the transient performance for the next time step. 
2.6 Sensitivity Analysis 
A sensitivity analysis has been performed using the developed steady-state model 
by varying the parameters from 50% to 150% with a step 10% increase with different 
excitation capacitances 100 |j.F, 125 [xF and 150 \xF of their standard value. 
A sensitivity analysis has been carried out to transient model by varying the 
machine parameters for 50%, 75%, 100%, 125% and 150% of their standard value with 
100(iF excitation capacitance. Load angle sensitivity to machine parameters has been 
analyzed using the developed transient model of self-excited reluctance generator. 
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3 STEADY-STATE ANALYSIS 
3.1 Derivation of the Steady-State Model 
The phasor diagram of the self-excited synchronous reluctance generator with a 
capacitor bank connected across the stator terminals of a machine for a lagging load is 
shown in Fig. 3.1. The phasor diagram describes the steady-state operating condition of 
the machine. The stator current is the phasor sum of the load current and capacitor 
current. The stator current is resolved into its d- and q-axis components. Similarly, the 
voltages and currents have been resolved into their corresponding d- and q-axis 
components. All the resistive and reactive voltage drops are shown in the Phasor 
diagram. 
A linearized model of self-excited synchronous reluctance generator has been 
developed for stand-alone operation using the machine voltage, mechanical and flux 
linkage differential equations. It is based upon Park's d-q axes equations considering one 
damper winding in the direct axis and one damper winding in the quadrature axis. The 
effect of saturation is considered in the direct-axis [l]-[3]. From the phasor diagram 
shown in Fig. 3.1, the terminal voltage in (3.1) can be resolved into its d- and q-axis 
components as follows: 
V,=Vd+jVq (3.1) 
where 
Vd = V, sin 5 (3.2) 
and 
Vq = Vt cos 8 (3.3) 
Linearizing (3.2)-(3.3) by using Tayler series approximation, (3.4)-(3.5) can be obtained. 
= F,0 cos 80A8 + AF, sin 80 (3.4) 
AVq = Vl0 sin 80A8 + AF, cos S0 (3.5) 
As the capacitors are connected across the stator terminals of the machine, the 
same terminal voltage will be applied across the capacitors. The current flowing through 
the capacitors will lead the terminal voltage by 90° and its magnitude can be written: 
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q - axis 
Fig. 3.1. Phasor diagram of self-excited synchronous reluctance generator. 
r V> 
JAc 
(3.6) can be re-written as 
(3.7) 
jX c 
Resolving the capacitive current into its corresponding d- and q-axis components, the 
following equation can be obtained. 
4 = ^ + 7 4 , (3-8) 
Using (3.2) and (3.3) in (3.7), the capacitive current can be written as follows: 
V V I c = ^ r c o s ? > - j - r s m d (3.9) 
Equating (3.8) and (3.9), d- and q-axis components of the capacitive current can be 
expressed in terms of d- and q-axis voltages as follows: 
V 
J « / = T T c o s 5 (3.10) 
22 
/ = — — s i n 8 cq X. (3-11) 
Linearizing (3.10)-(3.11) using Taylor's series approximation, (3.12) and (3.13) can be 
obtained. 
Kd = 

















[A5] + X 
-cos50 
c 
1 • K sin 5n Xc 
[AFJ (3.14) 
From the schematic diagram as shown in Fig. 3.2, the capacitive current can be 
expressed in terms of stator current and load current as follows: 
(3.15) 
Resolving the capacitive current into its corresponding d- and q-axis components, the 
following equations can be obtained. 
Icd ~ Id ILd 
hq ~ Iq I Lq 
(3.16) 
(3-17) 





Replacing (3.14) with the values of linearized d- and q-axis capacitive currents into 
(3.18) and (3.19), (3.20) and (3.21) can be obtained. 




Fig. 3.2. Schematic diagram of self-excited synchronous reluctance generator. 
A/ = M, a - - ^ c o s 5 A5——sin60AF. 
1 LX) o y V I 
A. r r 
(3.21) 
The damper winding currents in the generator are independent of load angle changes. 
Using (3.20)-(3.21) and linearized d- and q-axis damper winding currents, the generator 

























(3.22) can be re-written as follows: 
[A/r] = [A/]-[A/ c] 
3.2 Stator & Rotor Voltage and Mechanical Equations 
(3.23) 
The self-excited synchronous reluctance generator model has been developed by 
considering one damper winding on the direct axis and one on the quadrature axis. The 




/dt ~ o w ™ 1 (3.26) 
^ m / ^ _ro i? / (3.27) 
The mechanical equation can be expressed as follows: 
< % = co-co0 (3.28) 
The electromagnetic torque equation can be expressed in terms of the stator flux-linkages 
and currents. 
Linearizing (3.24), d-axis stator flux linkage as follows: 
d{^d)/dt= + ^ + + ^ A ® 
= +COA(A/L, + A / J + o ) ^ +M/90A(0 
Replacing the values of the linearized d-axis capacitive current and d-axis voltage in the 
above equation. 
d ^ / d t = a0(Ko cos£0AS + sin£0AV.) + co,Ra AIU 
V 1 
+ G)0Ra(--^sinS0AS + ---cosS0AVl) + (o0Ay/q + y/q0Aa) 
x c x c 
d{^d)/dt = ^0Ay/q+a>0Vl0{cos50 -^-smS0)AS + co0RaMu 
R 
+ <y0 (sin <50 +——cos<20)AF, +y/qtiA(o 
d^Wi)/dt = -j^smdo)AS + 0oRoAILd + 
R
 C (3-31) 
®0(sin£0 + —^cosS0)AV, +i//q0Ao) xc 
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Similarly, Linearizing (3.25), q-axis stator flux linkage equation. 
d^qVdt= + (a»R°M<i >d - M̂ oAM 
d ^ q V d t = s i n 5 o A 6 + cos80AF,) + co0Ra(MLq + AIcq)-®0AH/d - v)/̂ Aco 
Substituting the values of the linearized q-axis capacitive current and voltage in the above 
equation. 
R " (3.32) 
®0(cos£0 —-^smS0)AV,-i/ /d 0Aa> 
Linearizing d- and q-axis damper flux linkages, (3.26) and (3.27) respectively, (3.33) and 
(3.34) can be obtained in the linearized form. 
' (3.33) 
^ ^ / d r ^ o ^ i ^ i (3-34) 
Linearizing (3.28) and (3.29), load angle and speed equations, (3.35) and (3.36) can be 
obtained as follow: 
d ' % = ^ T , - A T . - K u A a , ] (3.36) 
Linearizing (3.30), the electromagnetic torque equation. 
Tt = Wdoi^Lq + ^cq) + IqO^Vd ~~ V̂ O (AIU + A/c</) - Id0A\\i 
JO 
^qO^d -i |/ ,0(A/„,)-/d0Aii/, 




Te = MW^i, +v | / t / 0 ( - - ^cos5 0 A6-—sin8 0 A^) + /,0A\|/</ -v|iq0AI td -
Ac Ac 
V 1 
H> sin 80 AS +—cos5 0AF () - Id0 Avj/, 
Ac Ac 
(3.37) can be written as follows: 
V 1 Te = Vdo<MUl — f - ( w d 0 c°sS0 + \|/,0 sin80)A8-—(\|/ r f 0 sin80+ Ac Ac (3.37) 
Vqo cosS0)A^ +/,0Av|/rf -\ |/,0A/W -/d0Av|/9 
(3.36) the speed equation can be written as follows: 
2 H m 2 / T 2 H 
Replacing (3.37) in (3.38), (3.39) can be obtained. 
+ V , 0cos8 0 )A^ A ^ + (3.39) 
A _ M o A f f l 
2 H q 2 H 
Arranging linearized (3.31)-(3.39) in matrix form, the following equation can be obtained 
= [A] [A*] + [ j ] [A/]+ [C] [AV,]+ [O] [AT. ] (3.40) 
where 
[/] is the current matrix 
[TJ is the external prime mover torque matrix 
[Vt ] is the variable voltage matrix 
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[̂ 4], [5], [C] and [D] are matrices consisting of machine parameters and initial 
operating condition of order 6x6, 6x4, 6x1 and 6x1 respectively as given below. 
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3.3 Stator and Rotor Flux-Linkages Equations 
The stator and rotor winding flux linkages can be expressed in terms of machine 
currents and reactances as follows: 
Wd=-(Xmds + Xl)Id+XmdJkd, (3.41) 
V&fl = ~XmdJd + (Xmds + Xkd] )Im (3.42) 
Vq = ~(Xmqs + + X mq J kq\ (3.43) 
Vfyi = ~XmqsIq + (Xmqs + Xkq])Ikql (3-44) 
Saturation is considered in the direct axis only, so the d-axis magnetizing reactance varies 
with the corresponding ampere-turns. 
Linearizing (3.41)-(3.44), (3.45)-(3.48) can be obtained. 
A^rf = ~(Xmds0 +X,)AId + Xmds0AIkd] ~ ( I d 0 ^ 
A^fe/i = Wd+ (Xmds0 + XM )AIkd] -(Id0-1m o )XXmds p 
= ~ ( X m q s 0 + X,)AIq + Xmqs0AIkql - (Iq0 ~ IkqW)AXmqs p ^ 
29 
Ay*,, = -(Xmqs0)AIq + (Xmqs0 + Xkq])AIkql -(Iq0-Ikql0)AX„ 
Re-written (3.45)-(3.48) in matrix form. 
(3.48) 
M = M [ A / r ] + [ / 0 ] 
AZ, mds 
A X mqs 
(3.49) 
Where [Xs~\ is a 4x4 matrix of generator reactances, [Iq] is a 4x2 matrix that consists of 
initial values of current. 
l*s] = 
~ ( X m d s 0 + X , ) 
— X mds 0 
0 
0 
' i^dO ~ -^fa/io) 















-X mqs 0 (Xmqs0 + X^ ) 
(JqO Atgio) 
(IqO ^kqW ) 
3.4 Saturation Characteristics 
The accurate prediction of synchronous reluctance generator steady-state behavior 
requires the proper representation of saturation in the machine modeling. The saturated 
value of d-axis magnetizing reactance is calculated by modifying the unsaturated value 
(Xntdu) with a saturation factor Sd, calculated from polynomials fitting the saturation 
curves. The d-axis magnetizing ampere-turns (ATJ) are used to locate the operating point 
on the saturation characteristics. In this proposed model, saturation in the direct axis has 
been taken into account by considering a saturation factor Sd-
Xmds = SbXmdu (3.50) 
Linearizing (3.50), (3.51) can be obtained. 
^ m d s = Xmd,ASd (-X c i \ 
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Using the d-axis saturation characteristic, Sd can be represented in polynomial form as a 
function of their respective excitation as follows: 
Sd =D}ATd4 +D2ATd +D3ATd2 +D4ATd +D5 (3.52) 
Applying a method of linearization to (3.52). 
AS, = ( 4 D x A T j +3D2ATj +2D3ATd0 +D4)MTd (3.53) 
Where D, is constants for i =1, 2 5 
ASd =KdsMTd 
Kds =^ATj +3 D2ATj +2D3ATdQ +D4 
(3.54) 
Parameter Kds depend on the initial values of d-axis ampere-turns. 




= -(AId -AImi ) (3.56) 
Replacing (3.56) in (3.54), (3.57) can be obtained. 
ASrf = ~Kds(AId - AIU]) (3 5y) 
(3.57) can be re-writing as follows: 
( 3 5 g ) 
Saturation in the d-axis thus can be represented as a function of d-axis currents. So 






î dO Ikd\o)XmduKds 
(Ido — hd \o)Xm d uKd s 
0 
0 
(4o Ikd\o)XmduKds 0 0 
-{IdO~Ikdw)XmduK'ds 0 0 
0 0 0 
0 0 0 
Where [Xk] is a matrix that consists of initial currents, unsaturated d-axis reactances and 
parameter K'ds. 
3.5 State-Matrix of the System 
The state-matrix of the system can be derived by substituting (3.59) in (3.49), 
(3.60) can be obtained. 
(3.60) can be re-written as: 
[Ay] = [xJ[A/ . , ] 




As the flux matrix is a sub-set of the state variable matrix, (3.62) can be re-written as: 
[AX] = [XK][Mr] 
[AIt] = [XrY][AX} 
Using the current matrix (3.23) in (3.64), (3.65) can be obtained. 








= M [ A Z ] + [ 5 ] { [ ^ r [ A T ] + [ A / r . ] } + [ c ] [ A F ( ] + [ D ] [ A r J (3.66) 
(3.67) 
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(3.68) can be re-written by replacing the capacitor current matrix by the state variable 
matrix, (3.69) can be obtained. 
d ( A X ) / j 4 * ] + M [ ^ r ) [ A X ] + [F ] [ A T ] + [G ] [ A F j + [ c ] [ A F ; ] + [ D ] [ A r J 
i + M a t . ] 
(3.69) 
(3.70) 
The matrix [P] is the state matrix of the developed machine model for stand-alone 
operation. 
3.6 Calculation of the Elements of the State Matrix 







0 0 co0 0 ©0^0 c 
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Using (3.71) in (3.70) 
where 
X,, X\2 X13 *14 
X2\ x22 X23 X24 
x31 x32 x33 X34 
X4l X42 X43 X44 
x \ \ _ ~(Xmds0 +1doXmduKds 
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2 H . 
Performing matrix inverse on [Xr\ 
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Suppose [«] = [As] ' 1 
[R]= 
22 12 
] ̂  22 1̂2 1 1 "̂22 "̂12 ̂ 21 
- x 21 
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Eigenvalue analysis can be performed on the state matrix, [/*], to obtain 
information on the steady-state stability of the system. For the system to be stable, the 
oscillation should die out with time which is indicated by a negative real part. Positive 
real part indicates increasing oscillation which leads to instability. The imaginary part 
indicates the frequency of oscillation. For any stable system, all the eigenvalues obtained 
must have a negative real part. 
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3.7 Numerical Analysis 
Numerical analysis has been carried out on a 0.37 kW synchronous reluctance 
generator using the developed model. The machine stator terminals are connected to a 
capacitor bank for self-excitation. The values of the unsaturated d- and q-axis 
magnetizing reactances along with the other machine parameters are presented in Table 
3.1. An iterative process has been applied to determine the initial values as the machine 
d-axis magnetizing reactance varies with saturation. The d-axis saturation characteristics 
of this machine are shown in Fig. 3.3. 
Table 3.1 
Machine parameters 
Machine Parameters Values 
Rated power 0.37 kW 
Rated voltage 400 V 
Rated speed 3600 rpm 
Capacitance 100 jxF 
Unsaturated d-axis reactance 1.267 pu 
Unsaturated q-axis reactance 0.317 pu 
Leakage reactance 0.0317 pu 
Armature resistance 0.0392 pu 
d-axis damper circuit reactance 1.0 pu 
q-axis damper circuit reactance 0.3 pu 
d-axis damper circuit resistance 0.03 pu 
q-axis damper circuit resistance 0.02 pu 
Mechanical inertia 3.795 sec 
Damping torque coefficient 0.0 
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Ampere-Turns (pu) 
Fig. 3.3. d-axis saturation characteristics. 
3.8 Results of Steady-State Analysis 
A MATLAB program has been developed to compute the initial values under 
certain operating conditions as shown in the flow chart in Fig. 3.4. The state matrix of the 
synchronous reluctance generator has been used to calculate the eigenvalues of the state 
matrix for different operating conditions. The flowchart in Fig. 3.5 explains the way to 
calculate eigenvalues from the state-matrix of the system. 
A steady-state stability analysis has been performed for different loading 
conditions. The effect of excitation capacitance has also been looked into; the 
eigenvalues corresponding to active, reactive and apparent power output have been 
plotted to investigate the stability status of the synchronous reluctance generator. 
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Fig. 3.4. Initial value calculation flow chart for steady-state analysis. 
Calculating initial values Vd, Vq, V|/ d0 ,V|/g0, V|/kdX, V|/ ^ 
Compute Kds from d-axis 
Compute [A], [B] ,[Cj 
saturation characteristics 
and [D] using (3.40) 
Compute [Xs] and [70] using (3.49) 
Substitute Xmds and Xmqs in (3.59) 
Compute using (3.62) 
Using (3.40) 




Eigenvalue analysis of state-matrix [P] 
Stop 
Fig. 3.5. Flow chart for steady-state stability analysis. 
Figs. 3.6 and 3.7 show the effect of active and the reactive power on the steady-
state stability performance of machine. It can be seen from these figures that with an 
increase in the active and reactive power output, the system stability decreases. The 
stability of the system can be realized from the real parts of the eigenvalues. 
In Fig. 3.8, the eigenvalues corresponding to different apparent power output are 
presented. It is observed that with the increase in apparent power output the real parts of 
eigenvalues become less negative which shows the system moves towards instability. The 
machine is more stable at lower apparent power output. 
In the case of a stand-alone system, the excitation capacitance is a requisite for 
self-excitation process and also has an effect on steady-state stability of the system. The 
effect of excitation capacitance on the machine stability is shown in Fig. 3.9. It can be 
seen that with the increase in the excitation capacitance value, system stability increases. 
-0.027 -0.026 -0.025 -0.024 
Real Parts of EV (1/sec) 
-0.023 -0.022 
Fig. 3.6. Real parts of eigenvalues corresponding to different active power output for C=100 fiF and 
Qr0.436 pu. 
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Fig. 3.7. Real parts of eigenvalues corresponding to different reactive power output for C=100 (iF and 
P=0.900 pu. 
-0.027 -0.026 -0.026 -0.025 -0.025 -0.024 
Real Parts of EV (1/sec) 
-0.024 -0.023 
Fig. 3.8. Real parts of eigenvalues corresponding to different apparent power demand. 
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Fig. 3.9. Real parts of eigenvalues corresponding to different excitation capacitance for P=0.9 pu and 
g=0.436 pu. 
3.9 Sensitivity Analysis to Steady-State Model 
The machine steady-state condition depends upon the circuit parameters; any 
change in their values may affect the stability of the system. To analyze the effect of 
machine parameters on the stability condition, circuit parameters have been varied from 
50% to 150% of their standard values at different excitation capacitance. Circuit 
parameters such as R^i, Rkqi, Xkdi, Xkqi, Ra and X/have been varied from 50% to 150% of 
their standard values at excitation capacitance of 100 |_iF, 125 |aF and 150 (iF. Eigenvalue 
sensitivity of machine parameters have been calculated by using state-matrix of the 
system. 
3.10 Results of Sensitivity Analysis 
Fig. 3.10 shows the real parts of eigenvalues characteristics for a range of 80% to 
110% with a step increase 5% of the standard value (active power output) of the machine. 
Real parts of eigenvalues (Real part of complex eigen value, Most dominant eigen value, 
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and 3 rd dominant eigen value) have been plotted corresponding to the percentage change 
in active power at different excitation capacitances. Eigen values sensitivity due to 
change in active power can be observed from the graph. Similarly, Fig. 3.11 shows the 
real parts of eigenvalues for a change in the reactive power output from 60% to 140% 
with a step increase 10% of reactive power at 100 |iF, 125 ^F and 150 |iF excitation 
capacitance. 
Figs. 3.12 to 3.17 show the eigen value sensitivity characteristics for a range of 
50% to 150% with a step increase 10% of their standard values for circuit parameters 
(Rkdi, Rkqi, Xmi, Xkqi, Ra a n d X i ) at 100 p.F, 125 |iF and 150 fxF excitation capacitance. 
Fig. 3.12 and Fig. 3.13 show the real parts of eigenvalues corresponding to 
percentage change in d-axis damper resistance and q-axis damper circuit resistance at 
different excitation capacitance respectively. It has been observed that the stability level 
improves with an increase in the value of d-axis damper circuit resistance and q-axis 
damper circuit resistance. It has also been found that stability level improves with 
increase in the values of excitation capacitance. 
Fig. 3.14 shows the eigenvalues sensitivity with the change in d-axis damper 
circuit reactances at different excitation capacitance. It has been analyzed that stability 
level decreases with the increase in the value of d-axis damper circuit reactance. It has 
also observed that the stability level increases with the increase in excitation capacitance. 
Similarly Fig. 3.15 shows that stability level decreases with an increase in the value of q-
axis damper circuit reactance and stability level improves with an increase in the value of 
excitation capacitance. From the investigation of the Fig 3.14 and Fig. 3.15, it has been 
inferred that 2nd dominant eigenvalues of d-axis damper circuit reactance is more 
sensitive as compared to the q-axis damper circuit reactance at different excitation 
capacitance. 
Fig. 3.16 and Fig. 3.17 show the real parts of eigenvalues corresponding to the 
percentage change in armature resistance and leakage reactance at different excitation 
capacitances respectively. By analyzing these figures, it is observed that there are no 
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Fig. 3.11. Real parts of eigenvalues corresponding to % change in reactive power. 
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% Standard Value of RkdI (pu) 
Fig . 3 .12 . Real parts of eigenvalues corresponding to % change in d-axis damper circuit resistance. 
Fig. 3.13. Real parts of eigenvalues corresponding to % change in q-axis damper circuit resistance. 
45 
50 60 70 80 90 100 110 120 130 140 150 
% Standard Value of Xkdl (pu) 
Fig. 3.14. Real parts of eigenvalues corresponding to % change in d-axis damper circuit reactance. 
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Fig. 3.17. Real parts of eigenvalues corresponding to % change in leakage reactance. 
From the eigenvalue sensitivity analysis to steady-state model of self-excited 
synchronous reluctance generator, it has been found that eigenvalues are most sensitive to 
d-axis damper circuit reactance as compared to other parameters of the machine. The 
machine parameters as shown in Table: 3.2 are ranked according to eigenvalue 
sensitivity. 
Table 3.2 
Summary of results: Eigen value sensitivity analysis to steady-state model 
Machine Parameters (pu) Average Change in 
Real Parts ofEV(l/sec) 
d-axis damper circuit reactance (Xkl//) 0.01816 
d-axis damper circuit resistance (Rmi) 0.0143 
q-axis damper circuit resistance (Rkqi) 0.01425 
q-axis damper circuit reactance (X*?/) 0.00595 
Leakage reactance (Xj) 0.00052 
Armature resistance (Ra) 0.0001 
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4 TRANSIENT ANALYSIS 
4.1 Transient Model 
A transient model for a self-excited synchronous reluctance generator has been 
developed considering one damper winding on the direct axis and one damper winding 
on the quadrature axis. The effect of saturation is also considered in the direct axis while 
investigating the transient performance of the machine. 
The assumptions made in the development of machine model are as follow: 
• Core and stray losses are neglected. 
• The effect of mutual coupling on d- and q-axis is neglected. 
• q-axis saturation is ignored. 
There are two methods for integration of differential equations in a power system 
simulation, one is an explicit method, such as the 4th order Runge-Kutta method, and the 
other is an implicit method, such as the trapezoidal rule. In this research work, the 4th 
order Runge-Kutta method has been used to calculate the transient performance of a self-
excited reluctance generator. The initial values of the machine parameters have been 
calculated for a given operating condition using the flow chart shown in Fig. 3.4. 
To investigate the transient performance of a three-phase, 0.37 kW, 2-pole, 400 V 
self-excited synchronous reluctance generator, a three-phase symmetrical short-circuit 
fault is applied across the machine terminals. At the initiation of the fault, the terminal 
voltage becomes zero. The corresponding machine differential equations i.e. stator and 
rotor voltage equations, (3.24) - (3.27), mechanical equations, (3.28) - (3.29), and 
electromagnetic torque equation, (3.30), are solved to calculate the values of the fluxes, 
currents, load angle, speed and electromagnetic torque in each time step. In each time 
step, a 4th order Runge-Kutta method has been employed to solve differential equations 
using the coefficients of the Runge-Kutta method and the value of parameters obtained 
from the previous time step. The newly obtained values have been used as the initial 
values for the next time step. When the fault is cleared, the terminal voltage regains its 
original value. 
A software program has been developed in MATLAB to carry out the transient 
analysis and the corresponding flow chart diagram has been presented in Fig. 4.1. The 
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differential equations are solved to obtain currents taking the saturation effect into 
account. The currents obtained are then compared and the process is repeated until the 
error is minimized. 
The calculated currents, flux linkages, speed and load angle at the end of each 
time step can be used in order to find the transient performance for the next time step. 
Table 4.1 shows the simulation parameters of the machine. 
Table 4.1 
Simulation parameters 
Machine Parameters (pu) Ratings 
Terminal voltage 1 pu 
Active power 0.9 pu 
Reactive Power 0.436 pu 
Simulation time 2 sec 
Short-circuit fault time 0.05 sec 
Fault clearance time 0.05 sec 
Time step 0.0005 sec 
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Fig. 4.1. Transient analysis calculation flowchart. 
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4.2 Transient Stability Analysis Results 
Transient analysis has been performed for a three-phase symmetrical short-circuit 
fault across the terminals of the self-excited synchronous reluctance generator by 
considering saturation in the direct axis. Variations in the load angle, speed, and 
electromagnetic torque, stator and rotor currents, stator and rotor flux linkages and active 
and reactive power have been investigated. The fault was initiated at time 0.05 second 
and was cleared after 0.05 second. 
Fig. 4.2 shows the variation of the load angle of the generator. It can be seen from 
this figure that there are oscillations after the fault is initiated. Once the fault is cleared, 
the load angle returns to its original value of around 1.5 second. Fig. 4.3 shows the 
oscillation in the generator speed. When the fault is cleared, the speed of the generator 
comes back to its original value after some oscillations. Similarly, Fig. 4.4 shows the 
transient variation of the electromagnetic torque. 
Fig. 4.2. Transient variation of load angle. 
53 
Time (sec) 
Fig. 4.3. Transient variation of rotor speed. 
Fig. 4.4. Transient variation of electromagnetic torque. 
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The oscillations in the d-axis and q-axis stator currents have been shown in Figs. 
4.5 and 4.6. They return to their original values after the fault is cleared. Transient 
variations in the d- and q-axis damper circuit currents have also been shown in Figs. 4.7 
and 4.8. The variation in the d-axis and q-axis stator flux-linkages has been shown in 
Fig.4.9 and Fig. 4.10, respectively. After the fault is cleared, the stator flux linkages 
return to their original values. Similarly, the rotor flux linkages have been shown in Fig. 
4.11 and Fig. 4.12. It can be seen from these figures that the rotor flux linkages become 
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Fig. 4.5. Transient variation of d-axis current. 
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Fig. 4.6. Transient variation of q-axis current. 
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Fig. 4.7. Transient variation d-axis damper circuit current. 
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Fig. 4.9. Transient variation of d-axis flux linkage. 
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Fig. 4.11. Transient variation of d-axis damper circuit flux linkage. 
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Fig. 4.12. Transient variation of q-axis damper circuit flux linkage. 
The machine was subjected to longer fault duration in order to investigate the 
machine transient stability performance. The fault was applied across the machine 
terminals for different durations ranging from 0.05 sec to 0.3 sec. It has been observed 
that after the fault is cleared the machine returns to the original steady-state operating 
condition for fault duration up to 0.25 sec. When the fault duration is 0.3 sec, the machine 
lost its synchronism. It is observed that the generator is marginally stable for fault 
duration of 0.28 sec and becomes unstable for fault duration of 0.29 sec. Fig. 4.13 shows 
three different scenarios for the stable, marginally stable and unstable cases, respectively. 
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Fig. 4.13. Load angle swing corresponding to different fault durations. 
Table: 4.2 
Load angle swing for longer fault durations 
Fault duration (sec) Load Angle (deg) Status 
0.05-0.25 28° (Avg.) stable 
0.28 48° Marginally stable 
0.29 220° Unstable 
The critical clearing time has been found to be 0.28 sec by considering the 
saturation on the direct axis. From the analysis it has been observed that longer fault 
duration has considerable effect which should be kept in mind during the machine design. 
Table 4.2 shows the load angle variation and the three different operating regions of the 
machine against different fault duration. 
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4.3 Sensitivity Analysis to Transient Model 
The machine circuit parameters have been varied from 50%, 75%, 100%, 125% & 
150% of their standard values. A capacitor bank of 100 (iF is connected across the stator 
terminals of generator for self-excitation. Load angle swing for different machine 
parameters (Rui, Rkqi, X^i, Xkqi, Ra and Xi) have been analyzed by using the proposed 
transient model of self-excited synchronous reluctance generator. Load angle sensitivity 
for machine parameters have been analyzed for fault duration of 0.05 sec. 
4.4 Results of Sensitivity Analysis 
Figs. 4.14 to 4.17 show the load angle swing for a range of 50% to 150% with a 
step increase of 25% of their standard values for circuit parameters R^i, Rkqi, Xmi, Xkqi, 
Ra and X/at 100 fiF excitation capacitance. 
Fig. 4.14 and Fig. 4.15 show load angle swing for different d-axis and q-axis 
damper circuit resistances respectively. From these figures, it has been found that with 
the increase in d- and q-axis damper circuit resistance, the load angle swing increases. It 
has also observed that the q-axis damper circuit resistance causes more oscillation in the 
load angle after fault is cleared as compared to that of d-axis damper circuit resistance. 
Fig. 4.16 and Fig. 4.17 show the load angle swing for different d- and q-axis 
damper circuit reactances. It has been found that stability increases with the increase in d-
and q-axis damper circuit resistance. 
Fig. 4.18 and Fig.4.19 show the load angle swing for different armature resistance 











Fig. 4.14. Swing in the load angle for different d-axis damper circuit resistance. 
Fig. 4.15. Swing in the load angle for different q-axis damper circuit resistance. 
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Fig. 4.16. Swing in the load angle for different d-axis damper circuit reactance. 
Fig. 4.17. Swing in the load angle for different q-axis damper circuit reactance. 
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Fig. 4.18. Swing in the load angle for different armature winding resistance. 
Fig. 4.19. Swing in the load angle for different leakage reactance. 
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From the load angle sensitivity analysis to transient model of self-excited 
synchronous reluctance generator, it has been found that load angle is most sensitive to d-
axis damper circuit resistance as compared to other parameters of the machine. The 
machine parameters as shown in Table: 4.3 are ranked according to load angle sensitivity. 
Table 4.3 
Summary of results: Load angle sensitivity 
Machine Parameters (pu) Ave. Load Angle (deg) 
d-axis damper circuit resistance (Rm\) 42° 
Armature resistance (Ra) 41.33° 
Leakage reactance (XI) 39° 
d-axis damper circuit reactance (Xkd{) 38.5° 
q-axis damper circuit reactance (X ) 38.33° 
q-axis damper circuit resistance (Rkqi) 38° 
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5 CONCLUSIONS 
This research work presents a comprehensive study of a self-excited 
synchronous reluctance generator that includes the steady-state and transient analyses of 
the machine. The machine has been modeled for stability analysis using voltages, 
currents, mechanical, electromagnetic torque and capacitor current equations. A capacitor 
bank was used for self-excitation. The effect of saturation has been considered in order to 
predict more accurate results. 
A new linearized mathematical model of a self-excited synchronous reluctance 
generator for stand-alone operation has been developed. The state-matrix of the system 
has been used to obtain the eigenvalues for steady-state stability analysis. The effects of 
different loading conditions on the system steady-state stability have been explained. It 
has been found that the system moves towards instability with the increase in output 
power. 
Transient stability analysis has also been performed on the machine. The 
transient variations of load angle, rotor speed, electromagnetic torque, stator currents, 
rotor currents, and stator and rotor fluxes have been analyzed. The machine has been 
tested for different fault durations in the stable operating region, marginally stable and 
unstable regions of the system have been explained. It has been found that the system 
becomes unstable at longer duration of faults. 
Moreover, a sensitivity analysis has been performed in order to understand the 
effect of the machine equivalent circuit parameters on the steady-state and transient 
stability analyses. Machine parameters were varied from 50% to 150% of their standard 
values. 
The results can be summarized as follows: 
• The steady-state model is applied to a three-phase 0.37 kW synchronous reluctance 
machine for stability analysis. 
• With the increase in active, reactive and apparent power output, the system moves 
towards instability. 
• The excitation capacitance has a profound effect on the machine performance. 
• The eigenvalue sensitivity has been analyzed on the steady-state model and of the 
machine parameters ranked accordingly. 
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• The transient stability has been analyzed by employing a symmetrical three-phase 
short-circuit fault across the machine terminals. 
• The load angle sensitivity has been analyzed and the machine parameters have been 
ranked according to their load angle sensitivity. 
• For more reliable performance of a self-excited synchronous reluctance generator, it 
is recommended to consider quadrature axis saturation and cross-magnetization 
effect in the machine modeling for both the steady-state and transient stability 
analyses. 
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